Ongoing construction to 1D bottom baryons by the observed Λ b (6146) 0 and Λ b (6152) 0 states
states, denoted as Ω c (3000), Ω c (3050), Ω c (3065), Ω c (3090), and Ω c (3120), were found by the LHCb Collaboration [6] , and were subsequently confirmed by the Belle Collaboration [7] .
For the excited bottom baryons, the 1P Λ 0 b states, i.e., Λ 0 b (5912) 0 and Λ 0 b (5920) 0 , were established by LHCb [8] and CDF [9] . Last year, two bottom baryons, denoted as Ξ b (6227) − [10] and Σ b (6097) ± [11] , were first observed by the LHCb Collaboration. Very recently, the LHCb Collaboration again announced their new discovery of two bottom baryon states, the Λ b (6146) 0 and Λ b (6152) 0 , by analyzing the Λ 0 b π + π − invariant mass spectrum from pp collisions [12] . The resonance parameters of these two states are listed as below, 
These newly observed single heavy baryons have aroused a wide discussion and study of their inner structures [13] . In the recent years, our group has also carried a systematic study of the low-lying charm and bottom baryons, mainly including the 2S and 1P states in the single heavy baryon family [14] [15] [16] [17] [18] [19] . In this work, we will further investigate the probable assignment of the new Λ b (6146) 0 and Λ b (6152) 0 and try to establish the 1D bottom baryons.
The heavy quark symmetry can provide us some qualitative insight of the Λ b (6146) 0 and Λ b (6152) 0 when we compare them with the established Λ + c baryon states. At present, the 1S , 1P, and 1D Λ + c baryons have been established [1] . As shown later, the excited energies of Λ b (6146) 0 and Λ b (6152) 0 indicate that the 1D assignment is suitable for these two new bottom baryons. The predicted masses and strong decays can further test this assignment.
With the coming LHCb Upgrade I in 2020 [20] , more and more excited bottom baryons are expected to be discovered in the near future. So it is necessary for us to systematically investigate the properties of the whole D-wave bottom baryons by including their mass spectrum and strong decay behaviors, which can provide some valuable information for the further experiments to explore the excited bottom baryons.
The paper is organized as follows. In Sec. II, a brief review of our theoretical methods will be presented, where the parameters will also be given for the reader's convenience. We decode the newly reported Λ b (6146) 0 and Λ b (6152) 0 as the D-wave states in Sec. III, where the analysis of the mass spectrum and the investigation of strong decays will be presented. For completeness, we will also predict the mass spectra and strong decays of other D-wave bottom baryons in Sec. IV. Finally, the paper ends with the discussion and conclusion in Sec. V.
II. SCHEME OF THE QUARK POTENTIAL MODEL AND THE QUARK PAIR CREATION (QPC) MODEL
The heavy quark symmetry plays an important role in the dynamics of a single heavy baryon system. In the heavy quark limit, one heavy quark within the heavy baryon system is decoupled form two light quarks. Although the heavy quark symmetry is broken due to the finite charm or bottom quark mass, much evidence indicates that the heavy quark symmetry is a good approximation for the single heavy baryons. Under the scenario of heavy quark symmetry, the dynamics of a heavy baryon state could be well separated into two parts [21] . As illustrated in Fig. 1 , the degree of freedom between two light quarks (q 1 and q 2 ), is usually called "ρmode", while the degree between the center of mass of two light quarks and the heavy quark is called "λ-mode". If adopting the ordinary confining potential like the linear or harmonic form to depict the interaction of quarks, the excited energy of the ρ-mode is higher than that of the λ-mode excitations [21, 22] . So it seems to be easier for the experiments to detect the λ-mode excited heavy baryons. The available theoretical investigations confirm the point that almost all observed single heavy baryons could be explained as the λ-mode excited states.
In the Refs. [18, 19] , we assigned the Ξ b (6227) − and Σ b (6097) ± as the P-wave λ-mode excited bottom baryons. In this work, we also examine the possibility of Λ b (6146) 0 and Λ b (6152) 0 as the λ-mode excitations. Since two light quarks in a bottom baryon are always in the ground state with the antitriplet color structure, the λ-mode bottom heavy baryon can be simplified as a quasi-two-body system, which means that the diquark could be an effective degree of freedom in these λ-mode excited bottom baryons. To depict the interaction between the light diquark and the bottom quark, the following the Schrödinger equation can be constructed,
(2) Here, s di and s b denote the spin of light diquark and the b quark, respectively. The reduced mass is defined as m µ ≡ m di m b /(m di + m b ). The parameters α, b, and C stand for the strength of the color Coulomb potential, the strength of linear confinement, and a mass-renormalized constant, respectively. The parameter σ comes from a Gaussian-smeared contact hyperfine interaction between the light diquark and the bottom quark. Since the spin of light diquark in the Λ b and Ξ b baryons is zero, the spin-spin contact hyperfine interaction in Eq. (2) is only important to calculate the radial excited Σ b , Ξ ′ b , and Ω b states. The values of parameters which have been given in Ref. [18] are also listed in Table I for reader's convenience. 
is usually adopted to construct the spatial wave function of the bottom baryon states and other hadron states when one use the QPC model to calculate the strong decays of excited bottom baryons. The SHO wave function scale β is also fixed by solving the above Schrödinger equation. In other word, the parameters in the potential model and in the QPC decay model have the same values except for the unique parameter γ of the QPC model.
As mentioned above, we will use the QPC model to study the strong decays of D-wave excited bottom baryons. For an OZI-allowed decay process of a hadron state, the QPC model assumes that apair is created from the vacuum and then regroups into two outgoing hadrons by a quark rearrangement process [23] [24] [25] . For a process "A → B + C", the transition matrix element in the QPC model is written as 1,−m represents the pair production in a spin triplet state. When the mock state [26] is adopted to describe the wave function of a hadron state, the partial wave amplitudes M LS (p) can be obtained by the following formula,
Here, p represents the momentum of an outgoing meson in the rest frame of a meson A. The J i and j i (i = A, B, and C) denote the total angular momentum and their projection of initial and final hadron states, respectively. L denotes the orbital angular momenta between the final state B and C. Finally, the partial width of A → BC can be obtained in terms of the partial wave amplitudes
in the A rest frame. Interested readers can consult Refs. [15, 16] for more details of our method. is obtained. Similarly, the ratio of Λ 0 b states is given as
Obviously, the ratios of ∆ 1D−1P /∆ 1P−1S , which is nearly equal for the Λ + c and Λ 0 b baryons, imply the similarity of dynamics between the charm and bottom baryons. The result of ε(Λ + c ) ≈ ε(Λ 0 b ) can be partly explained by the potential model. For simplicity, we replace the Cornell potential in Eq. (2) by the following confining potential
to depict the interaction between the light diquark and heavy quark (c or b quark) in the single heavy baryon system. In this way, the orbitally excited energy can be obtained analytically as
by the Wentzel-Kramers-Brillouin (WKB) approach. Then the ratio defined by Eqs. (6) and (7) can be given by
which is independent with the parameter κ and the reduced mass m µ . When the parameter ν is taken as 0.8 ± 0.2, the ε is predicted as 0.835 ± 0.035. According to the above analysis, the new Λ b (6146) 0 and Λ b (6152) 0 states could be treated as the partners of the Λ c (2860) + and Λ c (2880) + in the bottom baryon family. In fact, the masses of 1D Λ 0 b baryons which were predicted in our previous works [14, 19] are in good agreement with the measurements of Λ b (6146) 0 and Λ b (6152) 0 . The masses of 1D Λ 0 b baryons, which were predicted in the region 6.14∼6.20 GeV by other methods [27] [28] [29] , also support the Λ b (6146) 0 and Λ b (6152) 0 to be the 1D states. Furthermore, the mass splitting of Λ b (6146) 0 and Λ b (6152) 0 , which was measured as ∆m = 6.34 ± 0.32 ± 0.02 MeV, is also consistent with the expectations of 1D Λ 0 b states [14, [29] [30] [31] . So according to the measured masses, the Λ b (6146) 0 and Λ b (6152) 0 states could be the good candidates of D-wave bottom baryons.
Thus, it is desirable to further test the D-wave assignment of Λ b (6146) 0 and Λ b (6152) 0 by exploring their strong decays. A method based on the QPC model (see Sec. II) has successfully explained the strong decays of known bottom baryons [18, 19] including the new Ξ b (6227) − and Σ b (6097) ± states. With the same method and parameters, we calculate the strong decays of the Λ b (6146) 0 and Λ b (6152) 0 and list the results in Table II. TABLE II: Partial widths of strong decays of Λ b (6146) 0 and Λ b (6152) 0 as the D-wave excited states (in MeV). The superscript letters p and f mean that the corresponding decays occur via p-wave and f -wave, respectively. The total widths of Λ b (6146) 0 and Λ b (6152) 0 are obtained as 4.18 MeV and 4.39 MeV when they are assigned as the D-wave states with J P = 3/2 + and J P = 5/2 + , respectively. The predicted total widths of Λ b (6146) 0 and Λ b (6152) 0 are comparable with the experimental measurements [12] . However, the LHCb announced that they did not observe the significant Λ b (6146) 0 → Σ b (5815) ± π ∓ signals in their measurements [12] . This experimental result seems to contradict the theoretical results in Table II . The plausible explanations of this contradiction are given as follows.
As the almost degenerate states, the Λ b (6146) 0 and Λ b (6152) 0 have the same decay channels (see Table II ). Then, the possibly existing interference effects which were ignored in the LHCb's analysis [12] might be important to pin down the decay behaviours of Λ b (6146) 0 and Λ b (6152) 0 . Another possible explanation is that the mass inversion may occur for the 1D Λ 0 b states [32, 33] . That is to say, the Λ b (6146) 0 with smaller mass should be the J P = 5/2 + state while the Λ b (6152) 0 should be a J P = 3/2 + state. However, this assignment of Λ b (6146) 0 and Λ b (6152) 0 disagrees with the expectations given by the quark potential models [27] [28] [29] . So more experimental and theoretical efforts are required for the Λ b (6146) 0 and Λ b (6152) 0 states in future.
IV. OTHER PREDICTED 1D BOTTOM BARYONS
The basis |s di , L λ , j di , s b , J including the heavy quark symmetry will be used in our scheme. Here, s di and s b denote the spins of light diquark and bottom quark, respectively. L λ denotes the orbital quantum number between the light diquark and the bottom quark. Then, we define j di = s di + L λ and J = s b + j di . For the D-wave Λ 0 b and Ξ 0,− b baryons, j di = L λ = 2 since s di = 0. For the D-wave Σ 0,± b , Ξ ′0,− b , and Ω − b baryons, j di = 1 ⊗ 2 = 1, 2, and 3 with s di = 1. We can denote these bottom baryons for simplicity as the |J P , 1D j di . Finally, we list the abbreviated basis in Table III . 
Bottom baryons Basis
In practice, the mass of b quark is not infinite. Then two physical baryons with the same spin-parity should be the mixing states of |J P , 1D J−1/2 and |J P , 1D J+1/2 . We take the Dwave Σ b baryons with J P = 3/2 + as an example. In principle, two physical 3/2 + Σ b baryons should be the mixing states of |3/2 + , 1D 1 and |3/2 + , 1D 2 ,
Here, the physical J P = 3/2 + states are distinguished by their different masses. Specifically, the states with the lower and higher masses are denoted by the subscripts "L" and "H", respectively. Our practical calculations indicate that the mixing effect is quite small for these D-wave bottom states with the same J P . For simplicity, we could ignore these small mixing effect and denote the physical states by the |J P , 1D j di basis directly.
A. 1D Ξ b baryons
Due to the approximate S U(3) flavor symmetry, the Λ b and Ξ b states may have the similar properties. With the observation of Λ b (6146) 0 and Λ b (6152) 0 , the 1S , 1P, and 1D Λ b states may have been established by experiments. Differently from Λ b , only the ground states, Ξ b (5792) 0 /Ξ b (5797) − , have been observed in the Ξ b sector [1] . With the running of LHCb, we may expect the excited Ξ b baryons to be observed in the near future. The masses and decay properties of 1P and 2S Ξ b states have been investigated in our previous work [18] . In the following, we shall give the predicted properties, especially, the strong decay behaviours of the D-wave Ξ b baryons.
The masses of two D-wave Ξ b baryons with J P = 3/2 + and J P = 5/2 + were predicted as 6327 MeV and 6330 MeV, respectively (see Fig. 2 in Ref. [18] ). With the predicted masses, the partial and total decay widths obtained by the QPC model are listed in Table IV. According to the results, the D-wave Ξ b baryons seem to be the narrow resonances. It is possible to find the 3/2 + (1D) Ξ b baryon in the Ξ ′ b (5935) π and Σ b (5815) K channels, while the 5/2 + (1D) Ξ b baryon might be found in the decay channel of Ξ * b (5955) π. A similar conclusion was also obtained by the chiral quark model [34] . 
The masses of 1D Σ b baryons have been predicted in our previous works [18, 19] (see Fig. 1 in Ref. [19] ). For clarity, we list the predicted masses of 1D Σ b and all other bottom baryons together in Table V . According to the predictions, six D-wave Σ b baryons may exist in the region 6.29∼6.40 GeV. Then many decay channels are opened for these high excited Σ b baryons. The predicted partial and total widths of the D-wave Σ b baryons are presented in Table VI . In our calculation of strong decays, if the final states have been found, we take the measured masses as inputs. Otherwise, we take the predicted masses of the unknown final states as inputs. As shown in Table VI , the |1/2 + 1 , |3/2 + 1 , |3/2 + 2 , and |5/2 + 2 Σ b states might be broad since their decay widths are predicted around 100 MeV. So it is a challenge to search for them in experiments. Differently from these states, the |5/2 + 3 and |7/2 + 3 Σ b states are much narrower. Experimentalists may search these two states in the Λ b (5620)π, Λ b (5912)π, and Λ b (5920)π channels.
Here we would like to stress the particularity of Λ b (5912)π, and Λ b (5920)π channels to search the D-wave |5/2 + 3 and |7/2 + 3 Σ b states. Since the Λ b (5912) and Λ b (5920) are below the threshold of Σ b (5815)π, they can only decay through the three-body decay channel, i.e., Λ b ππ. As illustrated in Fig. 3 , the Λ b (5912) and Λ b (5920) states with the long lifetime can fly far away from the decay vertex of the D-wave |5/2 + 3 and |7/2 + 3 Σ b states. This kind of process is very helpful for the LHCb detector to distinguish two pions which are produced from the P-wave Λ 0 b state and the third pion from the initial D-wave Σ b state. FIG. 3: The diagram to illustrate the D-wave Σ b baryon decaying into a P-wave Λ b baryon and a π meson. Subsequently, the P-wave Λ b baryon decays into the ground Λ b baryon and two π mesons.
Up to now, only the 1S Ξ ′ b baryons, Ξ ′ b (5935) and Ξ * b (5955), have been established by experiments [1] . The masses and decay widths of 1P and 2S Ξ ′ b baryons have been given in Ref. [18] .
As shown in Table V , the six 1D Ξ ′ b baryons are expected to appear in the region 6.40∼6.50 GeV. Then many decay channels are allowed for these excited Ξ ′ b baryons (see Table  VII ). The |5/2 + 3 and |7/2 + 3 states among the six D-wave Ξ ′ b baryons may have narrower decay widths while the other four states seem to be broad. This prediction is similar to the D-wave Σ b baryons.
According to the results in Table VII , it is promising for experimentalists to find the |5/2 + 3 and |7/2 + 3 Ξ ′ b states in the Λ b (5620) K channel. We also notice that the decay modes of BΛ and B * Λ may make a significant contribution to the decays of |1/2 + 1 , |3/2 + 1 , |3/2 + 2 , and |5/2 + 2 Ξ ′ b states. Then, the experimentalists could try to search for these four broad Ξ ′ b states in the BΛ and B * Λ channels.
D. 1D Ω b baryons
So far, only the Ω b (6046) − state in the bss baryon sector has been established [1] . However, there are reasons to believe that the situation could be changed in the near future. The widths of 2S and 1P Ω b states which were predicted in Ref. [19] imply that these excited Ω b states are usually narrow. This feature can help the experimentalists to distinguished the signals of these low-lying bss baryons from the background.
With the same method and parameters as before, we also calculate the masses and decays of six D-wave Ω b states. The results are presented in Tables V and VIII, respectively. It is interesting to note the D-wave excited Ω b baryons are also expected to be narrow. The experimentalists may try to search for the |1/2 + 1 , |3/2 + 1 , |3/2 + 2 , and |5/2 + 2 Ω b baryons in the Ξ ′ b (5935)K and Ξ * b (5955)K channels. For the |5/2 + 3 and |7/2 + 3 Ω b states, the experiments may detect them around the 6.54 GeV in the Ξ b (5795)K channel. VI: The predicted partial and total widths of D-wave Σ b baryons (in MeV). The superscript letters s, p, · · · , and h mean that the corresponding decays occur via s-, p-, · · · , and h-wave, respectively. If the partial width is predicted to be smaller than 0.01 MeV, it is denoted as "0.00". If a decay channel is forbidden, it is denoted by "×". If the mass of a initial state is below the threshold of a decay channel, the partial width is denoted by "−". The masses of 1P and 2S Σ b baryons are borrowed from our previous work [19] . [11] , have been discovered by the LHCb. Especially, the Ξ b (6227) − is the first excited bottom baryon which was identified by the OZI-allowed decay modes. So the observation of Ξ b (6227) − could be be treated as a start point for constructing the highly excited bottom baryon spectroscopy [18] .
Final states
Just as expected, the LHCb Collaboration recently made a breakthrough in the research of the higher excited Λ 0 b states [12] . Two almost degenerate narrow states, the Λ b (6146) 0 and Λ b (6152) 0 , were observed in Λ 0 b π + π − spectrum. By comparing the excited energies of Λ b (6146) 0 and Λ b (6152) 0 to the corresponding Λ + c states, we have found that they could be assigned as the 1D Λ 0 b states with J P = 3/2 + and J P = 5/2 + , respectively.
The masses of 1D Λ 0 b states predicted in Refs. [14, 19, 27] and the further investigation of the total decay widths also support the 1D assignment of Λ b (6146) 0 and Λ b (6152) 0 . However, the Σ b (5815)π is a main decay mode for the Λ b (6146) 0 state if it is a J P = 3/2 + state. This theoretical result is in disagreement with the measurement since no significant Λ b (6146) 0 → Σ ± b π ∓ signals were observed at LHCb. Obviously, more experimental and theoretical efforts are desirable for the Λ b (6146) 0 and Λ b (6152) 0 in future.
With the coming LHCb Upgrade I [20] , more excited bot-tom baryons will be discovered. In this work, we have also predicted the mass spectra and strong decay widths of other unseen 1D excited bottom baryons. The following clues are suggested for searching for these unknown bottom baryons.
(1) We suggest to search for the |5/2 + 3 and |7/2 + 3 Σ b baryons in the Λ b (5620) π, Λ b (5912) π, and Λ b (5920) π channels.
(2) We suggest to search for the |5/2 + 3 and |7/2
baryons in the Λ b (5620) K channel.
(3) Due to the very narrow decay widths and the simple decay modes, the D-wave Ξ b and Ω b baryons are the potential states which could be found by the experiments in future.
Obviously, the heavy baryon family including the charm and bottom baryons is being established step by step. This interesting research issue is worth more attention for the theorists and experimentalists. VII: The predicted partial and total widths of D-wave Ξ ′ b baryons (in MeV). The superscript letters s, p, · · · , and h mean that the corresponding decays occur via s-, p-, · · · , and h-wave, respectively. If the partial width is predicted to be smaller than 0.01 MeV, it is denoted as "0.00". If a decay channel is forbidden, it is denoted by "×". If the mass of an initial state is below the threshold of a decay channel, the partial width is denoted by "−". The masses of 1P, 2S , and 1D Ξ (′) b baryons are borrowed from our previous work [18] . 
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